In Parkinson's disease, electroencephalographic abnormalities during wakefulness and non-rapid eye movement sleep (spindles) were found to be predictive biomarkers of dementia. Because rapid eye movement sleep is regulated by the cholinergic system, which shows early degeneration in Parkinson's disease with cognitive impairment, anomalies during this sleep stage might mirror dementia development. In this prospective study, we examined baseline electroencephalographic absolute spectral power across three states of consciousness (non-rapid eye movement sleep, rapid eye movement sleep, and wakefulness) in 68 non-demented patients with Parkinson's disease and 44 healthy controls. All participants underwent baseline polysomnographic recordings and a comprehensive neuropsychological assessment. Power spectral analyses were performed on standard frequency bands. Dominant occipital frequency during wakefulness and ratios of slow-to-fast frequencies during rapid eye movement sleep and wakefulness were also computed. At follow-up (an average 4.5 years after baseline), 18 patients with Parkinson's disease had developed dementia and 50 patients remained dementia-free. In rapid eye movement sleep, patients with Parkinson's disease who later developed dementia showed, at baseline, higher absolute power in delta and theta bands and a higher slowing ratio, especially in temporal, parietal, and occipital regions, compared to patients who remained dementia-free and controls. In non-rapid eye movement sleep, lower baseline sigma power in parietal cortical regions also predicted development of dementia. During wakefulness, patients with Parkinson's disease who later developed dementia showed lower dominant occipital frequency as well as higher delta and slowing ratio compared to patients who remained dementia-free and controls. At baseline, higher slowing ratios in temporo-occipital regions during rapid eye movement sleep were associated with poor performance on visuospatial tests in patients with Parkinson's disease. Using receiver operating characteristic curves, we found that best predictors of dementia in Parkinson's disease were rapid eye movement sleep slowing ratios in posterior regions, wakefulness slowing ratios in temporal areas, and lower dominant occipital frequency. These results suggest that electroencephalographic slowing during sleep is a new promising predictive biomarker for Parkinson's disease dementia, perhaps as a marker of cholinergic denervation. Keywords: Parkinson's disease; electroencephalography; sleep; wakefulness; dementia Abbreviations: BAI = Beck Anxiety Inventory; BDI-II = Beck Depression Inventory, Second Edition; MCI = mild cognitive impairment; N-REM = non-rapid eye movement; PDD = patients with Parkinson's disease who developed dementia; PDnD = patients with Parkinson's disease who remained dementia-free; RBD = rapid eye movement sleep behaviour disorder; REM = rapid eye movement
Introduction
In recent decades, the importance of identifying prodromal stages and early markers of neurodegenerative diseases has become increasingly recognized. Several studies suggest that EEG can identify early signs of cognitive decline in pathologies such as mild cognitive impairment (MCI), Alzheimer's disease, dementia with Lewy bodies, and Parkinson's disease (Klassen et al., 2011; Poil et al., 2013; Bonanni et al., 2015) . Because dementia in Parkinson's disease is both common (Hely et al., 2008) and devastating, identifying early dementia markers is essential. Some predictors of dementia in MCI and Alzheimer's disease have been observed in wakefulness, rapid eye movement (REM) sleep, and nonrapid eye movement (N-REM) sleep, with specific dysfunction patterns (Petit et al., 1993; Bonanni et al., 2008; Luckhaus et al., 2008; Rauchs et al., 2008; Westerberg et al., 2012; Brayet et al., 2015) .
In cross-sectional studies of Parkinson's disease, EEG abnormalities during wakefulness are found early in the disease (Serizawa et al., 2008; Han et al., 2013) , and worsen with the onset of cognitive impairment (Caviness et al., 2007; Babiloni et al., 2011; Schlede et al., 2011; Bousleiman et al., 2014) . Most of these studies found waking EEG slowing in Parkinson's disease, as measured by higher power in lower frequencies (delta and theta) and lower power in faster frequencies (alpha and beta). Very few prospective EEG studies have been conducted in Parkinson's disease; some findings suggest that higher relative power in lower frequencies (delta or theta) and downward spectral peak shift of alpha rhythms in posterior cortical regions predicts dementia development in Parkinson's disease (Klassen et al., 2011; Caviness et al., 2015) .
In contrast to waking EEG, the connection between sleep EEG and Parkinson's disease dementia received little attention. Recently, our group found that lower sleep spindle density and amplitude in posterior cortical areas predicted dementia development in Parkinson's disease . These sleep spindle abnormalities in Parkinson's disease may reflect dysfunction in brain plastic mechanisms associated with learning and memory, possibly associated with both structural and functional corticalsubcortical alterations (i.e. thalamus, brainstem, posterior areas) (Jellinger, 2012; Svenningsson et al., 2012; Menke et al., 2014) .
The neurochemical basis of cognitive decline in Parkinson's disease is likely due to several mechanisms, including dopaminergic, cholinergic, and noradrenergic dysfunctions (Kehagia et al., 2010; Gratwicke et al., 2015) . Recently, neuropathological evidence suggests that cholinergic degeneration may be especially key to early cognitive impairment in Parkinson's disease (Kehagia et al., 2010; Gratwicke et al., 2015) . For instance, in vivo imaging studies found profound cortical cholinergic depletion in Parkinson's disease, with more widespread reductions in acetylcholinesterase activity in demented patients (Bohnen and Albin, 2011) . Several studies have also found significant cholinergic depletion in both the basal forebrain and the brainstem in Parkinson's disease patients with cognitive impairment (Francis and Perry, 2007; Bohnen and Albin, 2011; Hall et al., 2014; Liu et al., 2015) .
Compared to N-REM sleep, where cholinergic activity is nearly absent, both REM sleep and wakefulness are associated with high levels of acetylcholine release (Hobson and Pace-Schott, 2002; McCarley, 2007; Platt and Riedel, 2011) . Moreover, REM sleep differs from wakefulness in that its sustained activity is mainly cholinergic, with very little input from other neurotransmitter systems (i.e. noradrenaline, serotonin, and dopamine) (McCarley, 2007) . Therefore, REM sleep is the ideal condition in which to investigate cholinergic transmission integrity. Only a few cross-sectional studies investigated REM sleep EEG activity in Parkinson's disease, showing slightly higher relative alpha power and lower beta power in Parkinson's disease patients compared to controls (Wetter et al., 2001; Margis et al., 2015) . However, no study to date examined whether REM sleep EEG abnormalities are related to cognitive decline in Parkinson's disease.
This prospective study aimed to assess if baseline REM sleep EEG activity could predict dementia in Parkinson's disease. For comparison analysis, we also performed resting-state EEG power spectral analysis. Finally, given the potential association between sleep spindle activity and cognitive decline in Parkinson's disease , we examined if N-REM sleep EEG alterations, especially in the sigma-frequency band ($12-15 Hz), could also predict dementia in Parkinson's disease.
Materials and methods

Participants
Patients were recruited from the movement disorders clinics of the McGill University Health Centre and the Centre Hospitalier de l'Université de Montréal (Montreal, Canada) as part of our ongoing longitudinal study on sleep and cognition in Parkinson's disease (Anang et al., 2014; Fereshtehnejad et al., 2015; Latreille et al., 2015) . A group of healthy participants recruited by word-of-mouth and through newspaper advertisements was included for baseline comparisons. The hospital's ethical committee approved the study and all subjects gave written informed consent to participate. All participants underwent a complete neuropsychological assessment, a clinical and neurological exam, and one night of polysomnographic recording in the sleep laboratory at baseline. All patients had at least one follow-up visit at a minimum of 2 years after baseline examination.
All patients had a clinical diagnosis of idiopathic Parkinson's disease, confirmed by a movement disorder specialist (R.B.P.). Exclusion criteria are described elsewhere . Briefly, participants were excluded if they had dementia at baseline; major psychiatric disorders; history of cerebrovascular disease, head injury, stroke; or abnormal EEG characteristics suggestive of epilepsy. During the study, Parkinson's disease patients took their usual medications at night (Table  1) , whereas controls were free from any medication known to influence sleep. Disease and motor severity were assessed in Parkinson's disease patients using the Hoehn and Yahr scale and Part III of the Unified Parkinson's Disease Rating Scale (UPDRS-III) (Hoehn and Yahr, 1967; Fahn and Elton, 1987) . The severity of depressive and anxiety symptoms was measured using the Beck Depression Inventory, Second Edition (BDI-II) and the Beck Anxiety Inventory (BAI; Beck et al., 1961 Beck et al., , 1988 .
Procedures Cognitive assessment
All participants underwent a neuropsychological assessment at baseline, and at follow-up examination, all Parkinson's disease patients were offered a comprehensive neuropsychological assessment. Cognitive status was determined by consensus between the neurologist (R.B.P.) and neuropsychologist (J.F.G.). Dementia diagnosis was based on the proposed Movement Disorder Society Task Force Level II criteria, and defined as impairment in at least two cognitive domains on neuropsychological tests, along with evidence of significant impairment in daily functioning (Dubois et al., 2007) . MCI diagnosis was based on the following criteria: (i) subjective cognitive complaint reported by either the patient or caregivers or observed by the clinician; (ii) objective evidence of cognitive decline on neuropsychological assessment defined as at least two scores of 1.5 standard deviations below the standardized mean in a cognitive domain; (iii) the cognitive decline cannot significantly compromise activities of daily living; and (iv) no other medical or psychiatric conditions may explain the observed cognitive deficits (Litvan et al., 2012) . The Mini-Mental State Examination or the Montreal Cognitive Assessment were also completed when possible (Folstein et al., 1975; Nasreddine et al., 2005) . If at follow-up patients were unable to be assessed in person due to severe disability or dementia, a telephone follow-up was performed with the patient and/or spouse, or cases were reviewed with the treating physician.
The neuropsychological assessment included five cognitive domains: executive functions, attention, language, verbal episodic memory and learning, and visuospatial abilities (see Latreille et al., 2015 This patient cohort was involved in a previous study investigating sleep spindles and slow wave characteristics in Parkinson's disease . A total of 82 patients initially entered the longitudinal follow-up study. Fourteen patients (17%) were excluded: two refused re-assessment, eight had died, one was unreachable, and three had baseline EEG recordings that were unusable for analysis because of technical problems. Therefore, 68 patients with Parkinson's disease and 44 healthy controls were included. Within the whole sample, 18 patients (26%) developed dementia (PDD) at follow-up and 50 patients (74%) remained dementia-free (PDnD).
Of the patients with Parkinson's disease, 41 underwent a complete neuropsychological assessment at the follow-up visit (seven with dementia; 34 dementia-free), 18 were assessed with validated cognitive screening tests (Montreal Cognitive Assessment and/or Mini-Mental State Examination; nine with dementia; nine dementia-free), and nine were assessed with telephone interview (two with dementia; seven dementia-free) by an expert neurologist (R.B.P.). Because some patients could not be assessed with cognitive tests at follow-up, we performed a secondary analysis only in the subgroup of patients who completed a cognitive assessment (PDD, n = 16; PDnD, n = 43).
Polysomnographic recording
The polysomnography montage included frontal (F3, F4), central (C3, C4), temporal (T3, T4, T5, T6), parietal (P3, P4), and occipital (O1, O2) EEG leads with linked ears reference at 10 kV resistance, a bilateral electrooculogram, and chin electromyographic recordings. Respiration was monitored using a nasal canula or a nasal/oral thermistor with thoracic and abdominal strain gauges. Leg movements were recorded using surface electrodes on the left and right anterior tibialis muscles. Polysomnography was recorded with a Grass polygraph (amplifier gain 10 000; bandpass 0.3-100 Hz), and signals were digitized at a sampling rate of 256 Hz using 
Quantitative EEG analysis
All quantitative EEG analyses were performed on derivations F3, F4, C3, C4, T3, T4, T5, T6, P3, P4, O1, and O2. Spectral analyses of N-REM sleep, REM sleep, and wakefulness at rest were computed using Harmonie software (Stellate Systems). Fast Fourier Transformation (cosine tapering) on 2-s artefactfree sections yielded a spectral resolution of 0.5 Hz.
For N-REM sleep (stages N2 and N3), electromyographic artefacts were automatically and visually detected and then rejected before analysis. Epochs containing artefacts were considered missing data to preserve sleep continuity. Fifteen 2-s spectral epochs were averaged to preserve correspondence with the 30-s sleep scoring windows. Absolute spectral power in the delta (0.5-4 Hz), theta (4-8 Hz), alpha (8-12 Hz), sigma (12-15 Hz), and beta (15-32 Hz) frequency ranges was averaged over the entire N-REM sleep period. For REM sleep and wake, EEG sections (minimum duration of 2 s) free of eye movements or artefacts were visually selected for a total of 96 s per state per subject. REM sleep sections were sampled from all REM periods. For wakefulness, the first 96-s artefact-free sections were selected. Of note, REM sleep and wake frequency ranges were defined differently from those in the N-REM state, because sigma power (the frequency range of EEG spindles), was examined in N-REM sleep only. Therefore, for both REM sleep and wakefulness, absolute spectral power was computed for the following frequency bands: delta (0.5-4 Hz), theta (4-8 Hz), alpha (8-13 Hz), and beta (13-32 Hz). The slowing ratio of slow-to-fast frequencies [(delta + theta)/(alpha + beta)] was calculated for REM sleep and wakefulness EEG. The dominant occipital frequency was defined as the average peak alpha rhythm frequency (8-13 Hz) observed in spectra at O1 and O2 for each participant during wakefulness.
All participants could be included in the N-REM sleep EEG analysis. Seven patients with Parkinson's disease (PDD, n = 4; PDnD, n = 3) were excluded from REM sleep analysis either because they did not have an REM sleep period, or a 96-s artefact-free section. Wakefulness EEG was performed in 64 patients with Parkinson's disease and 41 control subjects (wakefulness EEG recordings were not available or unusable due to significant artefacts in three PDD patients, one PDnD patient, and three controls).
Statistical analysis
One-way analyses of variance (ANOVAs), independent sample t-tests, or Pearson's Chi-square tests were performed at baseline to compare patients with Parkinson's disease who remained dementia-free (PDnD), patients with Parkinson's disease who developed dementia (PDD), and healthy subjects. Skewness and kurtosis were measured to determine normality, with acceptable values ranging from 1 to À1. Non-parametric equivalent tests (demographic and clinical data) or logarithmic transformations (absolute EEG spectral values) were used for variables that were not normally distributed. Preliminary ANOVAs with three groups and one repeated measure (two hemispheres: left-right) were performed on each derivation (F3, F4, C3, C4, T3, T4, T5, T6, P3, P4, O1, and O2) to identify significant group-hemisphere interactions for all spectral frequency bands in each brain state (N-REM sleep, REM sleep, and wakefulness). No significant group-hemisphere interaction was found, so results for each hemisphere were averaged. ANOVAs with group as a factor (three groups: PDD patients, PDnD patients, and controls) and one repeated measure (five derivations: frontal, central, temporal, parietal, and occipital) were then computed for each dependant variable. Analyses of covariance (ANCOVAs) were performed to exclude potential confounds (i.e. disease-related variables, dopaminergic medication, depression, and anxiety). Variables showing significant group differences or relationships with EEG spectral measures were selected as co-variables and tested individually in each ANCOVA (see Supplementary material for detailed correlation results; because all co-variables provided similar results, we report F-and P-values using the BAI or BDI-II as a covariate for the ANCOVAs). P-values were adjusted for sphericity with the Huynh-Feldt correction for repeated measures with more than two levels, but original degrees of freedom are reported. Mean comparison analyses were performed with Tukey's post hoc test. Simple effect analyses were run to decompose significant interactions, and Tukey's post hoc tests were performed to compare betweengroup differences. Supplementary analyses were also performed using a subgroup of age-and sex-matched controls to PDD patients, as well as in the subgroup of PDnD patients according to the presence or not of RBD and MCI, which are well-known risk factors for dementia development (Supplementary material).
For both Parkinson's disease groups, we performed Spearman correlations between cognitive composite scores (averaged Z scores) and EEG variables that were associated with dementia. Due to the large number of comparisons, we adjusted for the false discovery rate using the BenjaminiHochberg procedure on P-values (Benjamini and Hochberg, 1995) . Corrected P-thresholds (P' 5 0.05) are reported. Of note, the language composite score was excluded from the analysis due to incomplete data. We then calculated receiver operator characteristic (ROC) curves to measure the sensitivity and specificity of EEG spectral variables to predict dementia outcome in PDD and controls. The optimal cut-off value was defined as the highest score when combining sensitivity and specificity. Finally, we performed stepwise binary logistic regressions to assess whether the addition of EEG measures to the well-established cognitive predictors of dementia in Parkinson's disease increases the probability of correctly identifying demented patients. Since previous reports suggest that visuospatial deficits are particularly associated with dementia risk in Parkinson's disease (Williams-Gray et al., 2009; Kehagia et al., 2010) , the visuospatial composite score was selected as the first independent factor, then the EEG measures associated with dementia in our study were added to the model. Statistical significance was defined at P 5 0.05. 
Demographic, clinical and polysomnographic variables
Gender, education level, follow-up duration, disease duration, and severity of motor symptoms at baseline did not differ significantly between patients who developed dementia and those who did not (Table 1) . Compared to PDnD patients, PDD patients were older, had higher Hoehn and Yahr stage, were more likely to have concomitant RBD or MCI, and took higher levodopa doses at baseline visit. Both patient groups reported more severe depressive symptoms compared to controls. PDD patients also showed more severe anxiety symptoms compared to controls. For the polysomnography variables, PDD patients had less stage 2 sleep at baseline compared to controls, but not compared to PDnD.
Quantitative EEG analysis REM sleep
Several correlations were found between clinical variables and REM sleep EEG measures (Supplementary material).
ANCOVAs with the BAI as covariant showed significant interactions between groups and derivations for delta [F(8,320) = 2.5; P = 0.03] and theta [F(8,320) = 2.3; P = 0.05] frequency bands. As shown in Fig. 1A and B, PDD patients had at baseline higher delta power than controls (frontal, temporal, parietal, and occipital derivations) and PDnD patients (frontal, parietal, and occipital derivations). PDnD patients had higher delta power than controls in frontal, temporal, parietal, and occipital derivations. Higher theta power was also found in PDD patients compared to both PDnD patients and controls in all derivations. PDnD patients showed higher theta power than controls in temporal and parietal derivations. No significant differences were seen for REM sleep alpha or beta spectral power (Supplementary material and Supplementary  Fig. 1A and B) . For the REM sleep slowing ratio, ANCOVAs with the BDI-II as covariant showed significant interactions between groups and derivations [F(8,368) = 8.8; P 5 0.00001]. PDD patients had a higher ratio of slow-to-fast frequencies compared to PDnD patients and controls in all derivations, but this effect was more prominent in parietal and occipital derivations (Fig.  1C) .
In Parkinson's disease, significant negative correlations were found between visuospatial composite score and REM sleep EEG slowing in temporal and occipital derivations (r s = À0.36 and r s = À0.35, respectively; P' = 0.04), indicating that higher slow-to-fast frequency ratios in posterior regions were associated with poorer performance on visuospatial tests. No significant correlations were found between cognitive and REM sleep EEG data in controls.
Wakefulness
Significant correlations were found between clinical variables and wakefulness EEG measures (Supplementary material). ANCOVAs with the BAI as covariant showed significant interactions between groups and derivations for the delta band only [F(8,356) = 2.1; P = 0.05]. PDD patients had higher delta power compared to PDnD patients and controls in all derivations (Fig. 2A) . PDnD patients also showed higher delta power than controls in all derivations. No significant differences were seen for wake theta, alpha, or beta spectral power (Supplementary material and Supplementary Fig. 1C-E) . For the wakefulness slowing ratio, the ANOVAs showed significant interactions between groups and derivations [F(8,408) = 5.4; P = 0.0005]. As shown in Fig. 2B , PDD patients had a higher ratio of slow-to-fast frequencies compared to PDnD patients and controls in all derivations, but this effect was more prominent in parietal and occipital derivations. A significant group effect was found for the dominant occipital frequency [F(2,102) = 7.7; P = 0.0008]. PDD patients had lower occipital alpha peak frequency than both PDnD patients and controls (8.1 AE 1.0; 8.9 AE 1.1; 9.3 AE 1.1, respectively; Fig. 2C ).
By contrast, no significant correlations were found between wake EEG variables and baseline cognitive composite scores in patients with Parkinson's disease or controls.
N-REM sleep
Correlations between clinical and N-REM sleep EEG variables are described in the Supplementary material. ANCOVAs with BAI as covariant showed significant interactions between groups and derivations for the sigma [F(8,352) = 3.5; P = 0.004] frequency band only. PDD patients showed lower sigma power in parietal derivations compared to PDnD patients and controls (Fig. 3) . No significant differences were found for N-REM sleep delta, theta, alpha, or beta spectral power (Supplementary material and Supplementary Fig. 1F-I) .
No significant correlations were found between N-REM sleep EEG variables and cognitive composite scores in patients with Parkinson's disease or controls.
We performed a secondary sensitivity analysis restricting to patients with Parkinson's disease who completed a cognitive assessment at follow-up. We found similar results for REM sleep, wakefulness, and N-REM sleep spectral variables.
ROC curve analysis
ROC curve optimal cut-off values for all significant REM sleep, wakefulness, and N-REM sleep spectral variables for PDD patients and control subjects are presented in Table 2 . The variables that had the highest combined sensitivity and specificity to identify patients who would develop dementia were the REM sleep slowing ratios in temporal and occipital areas, the wakefulness slowing ratio in temporal regions, and the dominant occipital frequency.
Logistic regression analysis
Using stepwise logistic regression to control for visuospatial composite score, we found that occipital wake EEG slowing [odds ratio (OR) = 40.73; 95% confidence interval (CI): 1.75-949.95, P = 0.02] and dominant occipital frequency (OR = 3.95; CI: 1.07-14.71, P = 0.04) predicted significantly dementia outcome in Parkinson's disease. The addition of the REM sleep slowing ratio and N-REM sleep sigma power did not independently contribute significantly to dementia prediction.
Discussion
In this prospective study, we showed that REM sleep EEG abnormalities can predict development to dementia in Parkinson's disease. More specifically, we found marked REM sleep EEG slowing in patients with Parkinson's disease who later developed dementia, characterized by a higher slowing ratio and higher delta and theta spectral power. Slowing of REM sleep EEG activity was more prominent in posterior cortical areas, and was highly associated with poor visuospatial performance. ROC curve analysis showed that temporal and occipital REM sleep slowing ratios can be classified as 'good' predictors of dementia in Parkinson's disease. These results suggest that REM sleep EEG slowing provide a new potential early marker of dementia in Parkinson's disease. We also found specific N-REM sleep and waking EEG abnormalities in patients with Parkinson's disease who had developed dementia at follow-up.
The cholinergic system is a key regulator of REM sleep. Whereas both REM sleep and wakefulness are associated with high acetylcholine release, REM sleep activity is primarily cholinergic, with very low inputs from other neurotransmitter systems (Hobson and Pace-Schott, 2002; McCarley, 2007; Platt and Riedel, 2011) . Cholinergic deficits appear to be a key component of early cognitive impairment in Parkinson's disease (Kehagia et al., 2010; Bohnen and Albin, 2011; Svenningsson et al., 2012; Gratwicke et al., 2015) ; the basal forebrain, the pedunculopontine nucleus, and the laterodorsal tegmental nucleus show significant cholinergic degeneration in Parkinson's disease, especially in patients who have cognitive deficits (Francis and Perry, 2007; Bohnen and Albin, 2011; Hall et al., 2014; Liu et al., 2015) . Our finding that REM sleep EEG slowing predicts Parkinson's disease dementia strongly highlights the critical role of cholinergic degeneration in the early development of cognitive impairment in Parkinson's disease. Future studies should therefore investigate the influence of cholinergic activity on REM sleep EEG slowing and cognitive performance in Parkinson's disease through a pharmacological intervention (i.e. cholinesterase inhibitors). We found a strong relationship between REM sleep EEG slowing in posterior areas and poor visuospatial performance in Parkinson's disease. It has been proposed that deficits in visuospatial abilities, which are supported mainly by posterior cortical regions, predict dementia outcome in Parkinson's disease (Williams-Gray et al., 2009; Kehagia et al., 2010) . In our cohort of patients with Parkinson's disease, we also found that baseline visuospatial ability predicted dementia . These factors were difficult to disentangle; the addition of the REM sleep slowing ratio to the visuospatial measures in the stepwise logistic regression model did not further improve dementia prediction, perhaps because they were correlated (i.e. collinear). Taken as a whole, our results suggest that a more posterior EEG slowing pattern during REM sleep could be a prodromal marker of dementia in Parkinson's disease, reflecting early cortical alterations. This hypothesis is also supported by the results in patients with Parkinson's disease who remained dementia-free at follow-up: compared to controls, they still demonstrated higher REM sleep delta and theta power, particularly in temporo-parietal derivations. Moreover, when subdividing our PDnD patients according to the presence of RBD or MCI, which are wellknown clinical risk factors for Parkinson's disease dementia (Anang et al., 2014; Fereshtehnejad et al., 2015) , we found that patients with RBD and MCI had a higher REM sleep slowing ratio than those without. Because most patients with Parkinson's disease develop dementia over time (Hely et al., 2008) , slowing of REM sleep EEG activity may therefore be a very early marker of cognitive decline in Parkinson's disease. Prospective studies with longer follow-up duration would confirm the sensitivity of these potential early prodromal markers of cognitive decline in Parkinson's disease.
We also found that parietal sigma EEG abnormalities during N-REM sleep predicted dementia development in Parkinson's disease. These results concur with our previous findings of reduced sleep spindle density and lower amplitude in posterior areas in these patients . Except for one study (Margis et al., 2015) , our results are also in line with other cross-sectional studies that investigated sleep spindles in non-demented patients with Parkinson's disease (Christensen et al., 2014 (Christensen et al., , 2015 . Our findings provide further support for the hypothesis of a disrupted thalamo-cortical loop function in Parkinson's disease, which prevents normal learning and memory consolidation processes (Fogel and Smith, 2011) . These sleeprelated learning mechanisms could also be altered by structural and functional cortical alterations (i.e. thalamus, brainstem, posterior areas), as discussed in Latreille et al. (2015) .
Our wake EEG results are also in line with two longitudinal studies showing that higher wake delta activity and alpha slowing in posterior cortical regions were associated with dementia development in Parkinson's disease (Klassen et al., 2011; Caviness et al., 2015) . Moreover, we found that the use of an EEG slowing ratio (slow-to-fast frequencies) during wakefulness could accurately identify Parkinson's disease dementia. Logistic regression analysis showed that, when controlling for visuospatial abilities, the occipital wake slowing ratio and the dominant occipital frequency were significant predictors of dementia outcome in Parkinson's disease. In contrast to Klassen and colleagues (2011) , who reported that below-median relative theta power predicted dementia in Parkinson's disease, our analyses showed no significant differences in theta power during wakefulness when controlling for confounding factors in the statistical model (anxiety symptoms and levodopa dose correlated with higher theta power). Further studies with larger groups of patients would be needed to clarify that issue. An important inclusion in the present study was a group of healthy controls, which enabled the identification of wake delta power as a potential new very early marker of dementia in Parkinson's disease. Indeed, compared to controls, PDnD patients had higher wake delta power in all cortical derivations. From a physiological standpoint, many monoaminergic chemical systems, including dopaminergic, serotoninergic, and noradrenergic pathways, might contribute to wakefulness EEG alterations in Parkinson's disease. Because the cholinergic system is also involved in wakefulness rhythms, impaired cholinergic transmission might as well cause resting state EEG slowing in Parkinson's disease.
The main strengths of this study are its longitudinal design as well as the investigation of EEG activity across all states of consciousness in a well-characterized Parkinson's disease cohort (Anang et al., 2014; Fereshtehnejad et al., 2015; Latreille et al., 2015) . Moreover, our EEG findings do not appear to be explained primarily by clinical confounds, because we controlled for multiple clinical variables, including mood symptoms, disease-related measures, and medication intake. However, some limitations of this study should be noted. Not all patients with Parkinson's disease underwent a formal cognitive assessment at the follow-up visit, and some patients were reviewed with the family and treating physician. This was largely due to the severe and progressive nature of Parkinson's disease: most of these patients were unable to participate in the follow-up due to severe disability or institutionalization. Nevertheless, we performed supplementary analyses in a subgroup of patients who underwent a cognitive assessment at follow-up, and similar results were found. The small sample size in our study precluded certain statistical analyses and subgroup analyses. Future studies with larger sample sizes should investigate whether these EEG markers in Parkinson's disease can predict specific cognitive deficits in the long term. Also, because EEG methods provide relatively poor spatial resolution, topographical EEG changes should be interpreted with caution. Future studies using high-density EEG and magnetoencephalography could help detect the sources of EEG alterations. Finally, it is possible that changes in body temperature and skin conductance related to autonomic dysfunction in Parkinson's disease may have altered the electrode impedance. If so, this could have resulted in more baseline sways and drifts, thereby increasing the delta frequency band power. However, in our study, we carefully excluded EEG sections that contained electrode artefacts. In addition, before Fast Fourier Transformation processing, the mean signal was removed to eliminate baseline drift. Moreover, because sweating oscillations have a lower frequency range than our analysed delta band (0.5-4 Hz), we are confident that these could not account for the higher delta power in patients with Parkinson's disease.
In conclusion, our results show that REM sleep EEG abnormalities occur early in Parkinson's disease, and are associated with future dementia development. Therefore, REM sleep EEG slowing is a promising prodromal marker of cognitive decline in Parkinson's disease. These findings shed light on the possible mechanisms underlying the relationships between REM sleep activity and cognitive impairment in Parkinson's disease, notably the involvement of the cholinergic system. These mechanisms should be further explored in future neuroimaging studies. PDD, n = 15, Controls, n = 41. AUC = area under the curve; ns = non-significant; DOF = dominant occipital frequency.
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